Significant variation in the course of autosomal dominant polycystic kidney disease (ADPKD) within families suggests the presence of effect modifiers. Recent studies of the variation within families harboring PKD1 mutations indicate that genetic background may account for 32 to 42% of the variance in estimated GFR (eGFR) before ESRD and 43 to 78% of the variance in age at ESRD onset, but the genetic modifiers are unknown. Here, we conducted a high-throughput single-nucleotide polymorphism (SNP) genotyping association study of 173 biological candidate genes in 794 white patients from 227 families with PKD1. We analyzed two primary outcomes: (1) eGFR and (2) time to ESRD (renal survival). For both outcomes, we used multidimensional scaling to correct for population structure and generalized estimating equations to account for the relatedness among individuals within the same family. We found suggestive associations between each of 12 SNPs and at least one of the renal outcomes. We genotyped these SNPs in a second set of 472 white patients from 229 families with PKD1 and performed a joint analysis on both cohorts. Three SNPs continued to show suggestive/significant association with eGFR at the Dickkopf 3 (DKK3) gene locus; no SNPs significantly associated with renal survival. DKK3 antagonizes Wnt/␤-catenin signaling, which may modulate renal cyst growth. Pending replication, our study suggests that genetic variation of DKK3 may modify severity of ADPKD resulting from PKD1 mutations.
ABSTRACT
Significant variation in the course of autosomal dominant polycystic kidney disease (ADPKD) within families suggests the presence of effect modifiers. Recent studies of the variation within families harboring PKD1 mutations indicate that genetic background may account for 32 to 42% of the variance in estimated GFR (eGFR) before ESRD and 43 to 78% of the variance in age at ESRD onset, but the genetic modifiers are unknown. Here, we conducted a high-throughput single-nucleotide polymorphism (SNP) genotyping association study of 173 biological candidate genes in 794 white patients from 227 families with PKD1. We analyzed two primary outcomes: (1) eGFR and (2) time to ESRD (renal survival). For both outcomes, we used multidimensional scaling to correct for population structure and generalized estimating equations to account for the relatedness among individuals within the same family. We found suggestive associations between each of 12 SNPs and at least one of the renal outcomes. We genotyped these SNPs in a second set of 472 white patients from 229 families with PKD1 and performed a joint analysis on both cohorts. Three SNPs continued to show suggestive/significant association with eGFR at the Dickkopf 3 (DKK3) gene locus; no SNPs significantly associated with renal survival. DKK3 antagonizes Wnt/␤-catenin signaling, which may modulate renal cyst growth. Pending replication, our study suggests that genetic variation of DKK3 may modify severity of ADPKD resulting from PKD1 mutations. Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic kidney disease worldwide, affecting one in 500 to 1000 births. 1, 2 It is characterized by focal development of renal cysts in an age-dependent manner. Typically, only a few renal cysts are clinically detectable during the first three decades of life; however, by the fifth decade, tens of thousands of renal cysts of different sizes can be found in most patients. 3 Progressive cyst expansion with age leads to massive enlargement and distortion of the normal architecture of both kidneys and, ultimately, ESRD in most patients. ADPKD is also associated with an increased risk for cardiac valvular defects, colonic diverticulosis, hernias, and intracranial arterial aneurysms. Overall, ADPKD accounts for approximately 5% of ESRD in North America. 2 Mutations of PKD1 and PKD2 respectively account for approximately 85% and approximately 15% of linkage-characterized European families. Polycystin-1 (PC-1) and PC-2, the proteins encoded by PKD1 and PKD2, respectively, function as a macromolecular complex and regulate multiple signaling pathways to maintain the normal tubular structure and function. 1 Monoclonal expansion of individual epithelial cells that have undergone a somatic "second hit" mutation, resulting in biallelic inactivation of either PKD1 or PKD2, seems to provide a major mechanism for focal cyst initiation, 4 possibly through the loss of polycystin-mediated mechanosensory function in the primary cilium. 5 In addition, a large prospective, observational study indicated that renal cysts in ADPKD expand exponentially with increasing age, and patients with large polycystic kidneys are at higher risk for developing kidney failure 6 ; however, the key factors that modulate renal disease progression in ADPKD remain incompletely understood.
Renal disease severity in ADPKD is highly variable, with the age of onset of ESRD ranging from childhood to old age. [7] [8] [9] [10] [11] A strong genetic locus effect has been noted in ADPKD. Adjusted for age and gender, patients with PKD1 have larger kidneys and earlier onset at ESRD than patients with PKD2 (mean age at ESRD 53.4 versus 72.7 years, respectively). 8, 9 By contrast, a weak allelic effect (based on the 5Ј versus 3Ј location of the germline mutations) on renal disease severity may be present for PKD1 10 but not PKD2. 11 Marked intrafamilial variability in renal disease is well documented in ADPKD and suggests a strong modifier effect. 10 -15 In an extreme example, large polycystic kidneys were present in utero in one of a pair of dizygotic twins affected with the same germline PKD1 mutation, whereas the kidneys of the cotwin remained normal at 5 years of age. 12 Several studies have quantified the role of genetic background in the phenotypic expression of ADPKD. In a comparison of monozygotic twins and siblings, greater variance in the age of onset of ESRD in the siblings supported a role for genetic modifiers. 13 Two other studies of intrafamilial disease variability in PKD1 have estimated that genetic factors may account for 32 to 42% of the variance of creatinine clearance before ESRD and 43 to 78% of the variance in age at ESRD. 14, 15 The magnitude of the modifier gene effect from these studies suggests that mapping such factors is feasible. Here, we report the results of an association study of modifier genes for PKD1 renal disease severity.
RESULTS

Genotype and Phenotype Data
We designed a customized Illumina array to study 173 candidate genes with 1536 single-nucleotide polymorphisms (SNPs ;  Table 1 ; see the Concise Methods section and supplemental information), including 100 ancestry informative markers (AIM) for European ancestry. 16, 17 We selected our candidate genes on the basis of the known pathophysiology of renal disease progression in ADPKD, including genes involved in xenobiotic metabolism, DNA repair, BP control, and tissue fibrotic response. From our microarray gene expression study, 18 we also selected genes from pathways that might modulate renal cyst growth. They include genes from pathways that regulate intracellular calcium and cAMP concentrations, Wnt/␤-catenin, pleiotropic growth factor/receptor tyrosine kinase (e.g., IGF/IGF1R, EGF/EGFR, FGF/FGFR, PI3K/Akt/mTOR) and G-protein-coupled receptor (e.g., PTGER2) signaling, and angiogenesis. A total of 794 patients from 227 families with PKD1 (cohort 1) and 1495 SNPs that passed all quality control (QC) measures were analyzed (see the Study Cohorts section). Fortyfive percent were male, 7.2% were singleton cases, and 38% had ESRD. There were no gender differences in their clinical characteristics (Supplemental Table S1 ). Overall, 22.7, 23.4, 12.2, and 41.7% of our patients were classified as having stages 1, 2, 3, and 4/5 chronic kidney disease (CKD), respectively (Supplemental Table S2 ). Comparing the distribution of patients with different CKD stages by study sites revealed heterogeneity of renal disease severity. Some centers (Newfoundland, Aachen, and Nicosia) contributed more patients with stage 1 CKD, whereas others (Brussels, Leiden, Barcelona, Oviedo, and Greece) contributed a very high proportion of patients with stage 5 CKD (Supplemental Table S3 ). Table 2 provides a summary of the clinical characteristics of our study patients by site.
Analysis of Population Structure
We used 100 AIMs for European ancestry 16, 17 and 308 tagSNPs (i.e., SNPs that were not in linkage disequilibrium (LD) with all other markers; r 2 Ͻ 0.06) to test and control for population structure by the multidimensional scaling (MDS) method from PLINK 1.05. 19 Population structure was captured by MDS dimensions 1 through 4 (C1 through C4) corresponding to different geographic sites ( Table 2 ). Figure 1 shows the clustering of patients from different geographic sites by MDS dimensions. C1 separates patients along a northwest-southeast axis of European ancestry. North Americans represent an admixed group along this axis. C2 separates the Fins from Newfoundlanders. C3 and C4 provide the best separation and identification of five outliners who were subsequently shown to be black (Supplemental Figure S1) . Differences of population structure as captured by C1 through C4 were evident by different CKD stages, reflecting patient admixture from different geographic sites (Supplemental Table S3 ). This heterogeneity is reflected in the patient characteristics by geographic site ( Table 2 ).
Genetic Associations with Renal Outcomes
Using the modeling framework detailed in the Statistical Analysis section, we found 12 SNPs with suggestive association (P ϭ ϳ0.005) with at least one of the two outcomes (Table 3) . In general, the genotype QC of these SNPs was excellent, with marker missing rate Յ1%. We found the strongest associations from rs3750940 and rs12575803, both located in DKK3, with an identical P ϭ 0.00019 for eGFR. Several SNPs at RHEB, PPP3R1, CALM2, PTGS2, IL1R1, and ERCC3 were weakly associated with either of the renal outcomes (P ϭ ϳ0.005). Three SNPs at both DKK3 and RHEB are in LD with r 2 of 0.56 to 0.88 and 0.73 to 0.81, respectively. Two SNPs at CALM2, rs1693869 and rs815802, are also in moderate LD (r 2 ϭ 0.57). To evaluate these suggestive associations further, we genotyped them in a second cohort of 472 white patients with PKD1 from Oxford, England, and Rochester, Minnesota (cohort 2; see the Study Cohorts section). There were more female patients from both sites, and the Oxford cohort was more enriched with patients with ESRD (Supplemental Table S4 ). We performed similar analysis as before except that only family relationship was adjusted for eGFR, and family relationship was adjusted for renal survival. We found that only two SNPs at DKK3 (rs3750940 and rs7104941) continued to show suggestive associations (P ϭ ϳ0.05) for eGFR (Table 4) . We then combined the two patient cohorts (n ϭ 1266) for a joint analysis and found P ϭ 8.0 ϫ 10 Ϫ5 for rs3750940 and P ϭ ϳ5 ϫ 10 Ϫ4 for rs7104941 and rs12575803 all at DKK3 (Table 5) . From the EFFECT estimates of the generalized estimating equations (GEE) model, we found that each copy of the risk allele from the three associated DDK3 SNPs is associated with a difference of eGFR of approximately 7 to 8 ml/min. We also analyzed the aforementioned SNPs in the combined patient cohort using Merlin, which uses a variance components association method and adjusts for family relationship of related individuals using kinship coefficients. Consistent with the results by GEE, we found the same three SNPs from DKK3 continued to show suggestive/significant association with eGFR ( Table 6 ). The SNP rs3750940 provides the strongest association at P ϭ 4.6 ϫ 10
Ϫ5
and accounts for 1.4% of the total variance of eGFR.
DKK3 Expression in PKD1 Renal Cysts
Using microarray global gene profiling, we previously documented aberrant activation of the Wnt signaling pathway in human PKD1 renal cysts. 18, 20 Using the same database, we examined the gene expression profile of DKK3. Consistent with aberrant Wnt activation, we found a number of target genes (␤-catenin [CTNNB1], LEF1, TCF7, and MYC) and negative modulators including DKK3 and the secreted frizzled-related proteins showed higher expression in PKD1 renal cysts compared with minimally cystic control tissue from the same kid- BASIC RESEARCH www.jasn.org neys (Figure 2A ). Using real-time reverse transcriptase-PCR (RT-PCR), we further validated the differential expression pattern of DKK3 in an expanded number of renal cysts and control tissue samples ( Figure 2B ).
DISCUSSION
We present here the largest study of PKD1 genetic modifiers of renal disease severity reported to date. Using high-throughput SNP genotyping, our study provided a comprehensive scan for genetic association of common variation in 173 biological candidate genes. After adjusting for population structure and performing statistical analysis that accommodated for both familyand population-based data, we found 12 SNPs with suggestive associations in cohort 1; however, only three SNPs continued to show suggestive/significant associations in the joint analysis with an expanded sample size. These SNPs, located at DKK3, are in moderate to high LD with each other. Our results were highly consistent using two different methods of quantitative trait analysis that accommodate family-and population-based association. The SNP rs3750940 provided the strongest association with a P value that approaches (8.0 ϫ 10 Ϫ5 by GEE) or exceeds (4.6 ϫ 10 Ϫ5 by Merlin) the threshold of statistical significance that corrects for multiple testing (4.7 ϫ 10 Ϫ5 ; see the Statistical Analysis section). Given that these associated SNPs reside in intronic regions, it is unclear whether any of them may be functional. Rather, it is likely that they are in LD with the causal variant(s) elsewhere, which may alter the expression or function of DKK3. We found that each copy of the risk allele from rs3750940 was associated with a difference in eGFR of approximately 7 to 8 ml/min and that this marker accounts for 1.4% of the total variance of eGFR. Pending replication, our study suggests that genetic variation of DKK3 may modify renal disease progression in patients with PKD1.
WNTs comprise an evolutionarily conserved family of growth factors that are critically involved in kidney development and regeneration, by binding to Frizzled and LRP5/6 receptors to stabilize ␤-catenin to initiate T cell factor/lymphocyte enhancer factor (TCF/LEF)-dependent gene transcription. Dysregulation of WNT signaling contributes to a number of human diseases, including PKD. 21 Specifically, aberrant activation of ␤-catenin in transgenic mice has been shown to cause PKD. 22, 23 Moreover, nuclear translocation of the C-terminal tail of PC-1 has been shown to inhibit ␤-catenin/TCFdependent gene transcription in vitro, and the loss of the PC-1 C-terminal tail from truncating PKD1 mutations may contribute to the aberrant Wnt activation in ADPKD. 20 DKKs are a family of secreted glycoproteins that function as antagonists to downregulate WNT signaling. 24 Consistent with their function, we found upregulation of DKK2 and DKK3 expression in human PKD1 renal cysts. Our findings, if confirmed, suggest that therapeutic antagonism of WNT signaling may be useful in ADPKD.
Despite testing a large number of candidate genes, we found only three SNPs in DKK3 that showed suggestive/significant association for eGFR but not renal survival. We interpret these findings to suggest one or more of the following: (1) Different genetic factors may modify each of the two renal outcomes; (2) renal survival from ESRD may not be as sensitive a measure of disease severity as eGFR; (3) some candidate SNPs we tested might indeed modify PKD1 renal disease modestly, but our sample size was not powered to detect such effects; and (4) most SNPs from our candidate genes were not associated with the renal outcomes. Future studies with larger patient samples may help to clarify these issues. At the same time, these findings suggest that the candidate gene approach may not be the best means to identify genetic modifiers given our current gap of knowledge on the mechanisms of renal disease progression in ADPKD and that an agnostic approach such as that taken by genome-wide association study (GWAS) is strongly justified (see the next paragraph).
The search for susceptibility/modifier genes for complex traits has until recently been fraught with problems. 25 Although many putative loci were identified by candidate gene studies, few were reproducible in subsequent studies. A recent literature review showed that only six of 166 reported associations were replicated in follow-up studies. 26 Many of these associations are likely spurious, because they were identified from studies of small sample size without adjustment for population stratification and multiple testing. Other reasons for the lack of reproducibility include genetic and etiologic heterogeneity, variable LD between the tested and causative variant, and false-negative results from inadequately powered studies. Minimizing phenotypic heterogeneity, robust QC for genotyping, genomic measures for population stratification, and the use of large sample sets for initial detection and follow-up replication all are important parameters for successful association studies. 25, 26 The success of GWAS has been demonstrated in many common medical conditions, including bipolar disorder, macular degeneration, long QT syndrome, coronary artery disease, diabetes, rheumatoid arthritis, and multiple forms of cancer, among others. [27] [28] [29] [30] [31] [32] [33] [34] To date, more than 150 risk loci have been identified for more than 60 common diseases and traits. 35 The results from these studies have revealed new insights in disease pathobiology and possible therapeutic approaches. In general, most of the robust risk loci identi- fied are associated with heterozygote odds ratios of 1.2 to 2.2. 35 For a complex trait such as PKD1 renal disease variability, a sample size of 3000 to 4000 patients may be required to provide a properly powered GWAS to detect multiple loci with similar effect size. Future collaboration through an international network of research centers is essential for the realization of this promising approach.
CONCISE METHODS
Study Cohorts
The study cohort for our candidate gene array study (cohort 1) comprised 890 patients from linkage-characterized families with PKD1 and 50 singleton patients with known PKD1 mutations from 13 sites. Clinical review excluded 19 affected children who were younger than 14 years, two unaffected individuals, and four patients from a family of mixed ethnicity (n ϭ 4). After the completion of analysis for cohort 1, we genotyped the 12 most associated SNPs that passed all QC measures identified from cohort 1 in a second cohort of 472 patients with PKD1 provided by Dr. Peter Harris (cohort 2). They were self-reported white individuals recruited from 233 families (with 26% singleton cases) from Oxford, England, and Rochester, Minnesota, and were characterized to have PKD1 by DNA linkage or mutations. The within-family relationship of all of the study patients are detailed in Supplemental Table S5 . The institutional human subject review board or ethics committee from each study site approved the research protocol used in this study.
Clinical Assessment and Study Outcomes
All study patients were confirmed to have PKD1 by DNA linkage, documentation of pathogenic mutations, or age-dependent ultrasound criteria. 36 We reviewed their demographic information including age, gender, ethnicity, study center, and family relationships to other affected relatives recruited in our study. Patients with a concomitant renal disease (e.g., diabetes, glomerulonephritis) or at the extreme of body weights (outside Ϯ2 SD of the population mean) were excluded. For patients without ESRD, their last available serum creatinine level was used to calculate eGFR. For patients with ESRD, a default value of 10 ml/min was assigned as their eGFR, and their age at ESRD was used for renal survival analysis. We analyzed two primary renal outcomes: (1) eGFR as measured by the abbreviated Modification of Diet in Renal Disease (MDRD) equation 37 and (2) renal survival from ESRD.
SNP Genotyping
We used a customized Illumina array and the GoldenGate assay to genotype cohort 1. All of the SNPs used in this study underwent bioinformatics evaluation to score their genotyping suitability. Most were tagSNPs (i.e., pair-wise r 2 Ͼ0.8) selected from the HapMap phase II CEU data, but approximately 5% of them were nonsynonymous coding SNPs identified from the SeattleSNP and dbSNP databases. We also genotyped 12 most associated SNPs identified from cohort 1 in a second independent set of patients with PKD1 (cohort 2) using the MassARRAY iPlex assay (Sequenom). All SNPs underwent bioinfor- Table 5 . matic evaluation to design and score the PCR primers for multiplex genotyping. On the basis of 50 random samples genotyped by both assays, the concordant rate between the Illumina and Sequenom platforms was 99.3%. All DNA samples used were quantified by the picogreen method.
QC of SNP Genotyping
There was no genotype for 18 (1.2%) SNPs for technical reasons. In addition, an SNP was excluded when Ͼ30% of the genotypes were missing (n ϭ 9). Minor allele frequency was calculated using one randomly selected individual from each family (n ϭ 227). We tested for departure from Hardy-Weinberg equilibrium, because genotype problems are the most common cause for deviation from HardyWeinberg equilibrium. The minimum minor allele frequency was 0.01 (removed n ϭ 14). A total of 1495 SNPs were used in the analysis. The mean concordance rate for 20 blind duplicates was 99.4%. Fifteen patients were excluded for the following reasons: Inconsistency between reported and genotyped gender (n ϭ 1), marker Mendelian errors Ͼ5% (n ϭ 8), and average heterozygosity Ͼ0.4 (potentially indicative of sample contamination; n ϭ 6). Using PLINK, we estimated pair-wise identify-by-descent sharing to determine the pair-wise relationships of our patients. 19 We identified and excluded 10 samples with identical identify-by-descent (three patients from three monozygotic twin pairs and one family [n ϭ 7] studied by two different sites). We also excluded a family of five identified as outliers by our population structure analysis ( Figure  1 ) that was subsequently confirmed to be black. Finally, 91 samples (eight from Denver; three from Spain; one from the Netherlands; 14 from Cyprus; 12 from Greece; and 53 from Bulgaria) with Ͼ10% missing SNP genotypes were excluded. Most of the latter DNA samples were old or of low concentration. According to the technical notes by Illumina, GenCall scores Ͻ0.2 indicate poor quality SNPs and scores Ն0.7 "usually report well-behaving genotypes." In this study, we excluded all SNPs with GenCall scores Ͻ0.3.
Population Structure
The population structure was tested by the MDS from PLINK 1.05 using 408 tagSNPs whose maximum pair-wise LD (measured by r 2 ) with all other SNPs in the customized array was Ͻ0.06. One hundred of these tagSNPs were specifically selected from the AIM panel by Price et al., 16 which was derived from several large GWAS databases of North American white populations of well-defined European ancestry. Eighty-five of these AIMs were highly specific for differentiation between northwest and southeast European ancestry and 15 AIMs for differentiation between southeast European and Ashkenazi Jewish ancestry (see Figure 1 and Supplemental Figure S1 ). The dimensions derived from MDS were used as covariates in the GEE model for eGFR and time to ESRD.
Microarray Analysis and Real-Time RT-PCR
We previously performed microarray global gene profiling of renal cysts compared with minimally cystic control tissue from human PKD1 kidneys. 18, 20 Using the same database, we examined the gene expression profile of DKK3 and other selected genes from the WNT signaling pathway in PKD1 renal cysts compared with minimally cystic control tissues from the same kidneys. To validate that DKK3 is differentially expressed in PKD1 renal cysts, we performed real-time RT-PCR in expanded PKD1 renal cysts and control samples using established methods. 18 
Statistical Analysis
We analyzed two primary renal outcomes: (1) eGFR and (2) renal survival from ESRD. Because patients with ESRD were given a default eGFR of 10 ml/min, eGFR was bimodally distributed. To perform appropriate analysis of this trait, we first fit the data using the Tobit model, 38 a regression model for truncated or censored dependent variables. Next, the residuals from the Tobit model were used in a GEE model, 39 to account for the relatedness among individuals within the same family. For renal survival, we used the variable "time to ESRD" (defined by age at ESRD for patients with ESRD and age at last serum creatinine measurement for patients without ESRD). We fitted a Cox proportional hazards model for renal survival analysis (Supplemental Figure S2 ). 40 The deviance residuals from this model were used in another GEE model to account for the relatedness among individuals. For both outcomes, we also used the first four dimensions from MDS (C1 through C4) to correct for population structure. An additive genetic model was used by coding the genotypes to 0, 1, and 2 to represent the number of minor alleles. All of these analyses were performed using SAS 9.1.3 (SAS Institute, Cary, NC). We also performed the same analysis as in GEE using Merlin 1.1.2, which uses a variance components association method to adjust for the family relationship of related individuals using kinship coefficients. 41, 42 To deal with multiple testing in our study, we applied the program SNPSpD. 43 SNPSpD takes into account the LD relationships of the SNPs to provide an effective number of independent markers (i.e., markers not in LD with each other) and the significant threshold after correcting for multiple comparisons of these independent markers. 43, 44 Of the 1495 SNPs used for cohort 1, the effective number of independent markers was 1071. To keep the type I error rate at 5%, the significant p value threshold should be 0.05/1071, or approximately 4.7 ϫ 10 Ϫ5 . 
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